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THEAPPLICATIONOFHIGE-TEMPERATURESTRAINGAGES

TO THE

By R.H.

~NT OF~RATORY STR33S5ES .

INGAS-TURBINEBUCKRTS

Kemp,W. C.Mcn?gan,andS. S.Ma.nmn

L5UMMARY ---

Thefeasibilityofmeasuringthevibrationinthebucketsof’a
&asturbineunderservicecmdi.tier.sof speedandtemperaturewas
determinedby useofa high-temperaturewirestraingagecetinted
toa modifiedturbosuperchargerturbinebucket.A high-temperature
wirestraingageandtheauxiliarymechanicalandelectricalequip-

—

mentdevelopedfortheinvestigationaredescribed.

INTRODUCTION

Althoughvibrationalfatigueaffectstheservicelifeofthe
bucketsofhigh-temperaturegasturbines,littleprecisedataare
availableonthemagnitudeofthevibrationinthebucketsduring
operationandonthefactorsthataffectit. This&eficiency–
existsbecauseno satisfactorymethodofmeasuringthevibration
underoperatingconditionshasbeenavailable.A programiqcluding
themeasurementofthevibratorystressesingas-turbinebuc-kets
duringpoweroperationoftheturbineisthereforeinpro$ressat

.

theNACAClevelandlaboratory.

A straingageconsistingoffinehigh-resistancewirewoundon
a suitablefozmandcementedtothesurfaceofa testmemberoffe&s
considerablepr~ise as an instrumentforthemeasurementofvibra-
torystressesinturbinebuckets.Thechangeintheresistanceof
thewireservesas a measureofthestrainat thepointofapplica-
tionofthestrainme. Straingagashavebeenusede@en.f3iVelY__
inreciprocating-engineandstructuralresearchforthedetermina-
tionofbothstaticanddynamicstrains.Thestraingagesdeveloped
forthesecomparativelymcderatetemperatureapplicationsarenot,
however,suitableforuseonthebucketsofa gasturbineinwhich
temperatuz-esabove1200°F aretobe expected.Itwastherefore
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considerednecessarytod~velopa high-temperaturestraingagecapable
ofwithstandingoFeratingtemperaturesastb firstpartof thepr+sgram’
to investigatevibrationphenomenainturbinebuckets,Althoughdevelop-
mentofthehigh-temperaturestraingage3sbeingcontinusd,thestrain
gagenowavailableisuatlafactoryforapplicationtopreliminarytests
on turbosuperchai-gerturbinebuckets.

‘w

Preliminaryresultsobtainedfroma mdifiedturbosupercharger
dur~ operationunderomditionsof actualeervice
togetherwitha descriptionof thestraingags,the
theelectricalcircujts.

INS!C&W@&TATIGN

arepresented
Islipri~sj and

.

.

Theinbtrumentiationconsistedofu h3gh-temperaturestmin@ge
usedasonearmof a Wheatstonabridg=,vibrationmeasuringend
recordinginstruments,andslipringsfortransmittingcurrentfrom
thestraingagetotheinstmments.

.

High-TemperatuzwStrainGage

Thestraingqjosusedinthetestscon~i.stedof O.001-inch
NichmmeV wirewourdon-aformofwovenglasstape. Inonetestthe
straingageswerecemen~ totheturbinobucketuwithSauezmisen
No.78cement.SaumeisenNo.1 cementwasusedina similarte~t.
Theperformanceof straingagesismeasuredinterms~ftheratioof
thechangeofresistancetothechangeinlengthandthisrattoIs
calledthe.strain-gagesensitivityfactor.A typicalcuz% of tho
ratioof thestrain-gagesensitivityfactoratelevated%wqwmtuxes
kT tothefactoratroomtemperate lqjasa functionof tempera-
tureisshowninfigurm1 fora straingagecemmted-withSauereiscn
No.78cement.A numberof strain@ges conatructodwithouta winding
formwerealsotmsted.Thosegagesprpved.tohavea superiorstrafn-
mxmitivitycharacteristicatelevatedtemperaturesbtitweredifficult
tomakeingagelengthslossthanone-fourthinch,This‘Q_peof strain
gagewasnotimxithcrcfo.wintheturboeuperchargertestswhere
physicalconsidwrat.ionslimitedthGgagelen@hta one-ei&hthinch.
A moredetaileddiscussionofthestrain-@.gecharactiorlsticsIsgiven
inappendixA.

.—
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Transmissionofthestrain-gagecurrentwasaccomplishedby
meansof a slip-ringunitof thecylindricaltype.Alltherings
wereof thessnediameterandcontactwasmadethroughbrushes
mountedatanangleto theradiiandintheplaneof theslipring
toavoidthechat-1.eringef:ectsometimesencounteredinapplications
inwhichthebrushesarenwnxtedinlinewiththeradii.The
materialsusedweremonelmetalfortheslipringsandsilver
graphiteforthebrushes.Contactbetweentherotatingringsand
thestationm?ybrusheswasfreeof significantchangesinelectrical
resistanceatthehighspeedsof tu.?.?bine”operation.

.- —

Strain-GageCircuit

Althoughtheresistancecharacter~sticsof theslip-ringunit
wereverysatisfactory,smallchangesinresistancewere”expected
acrosstheringsandbrushesat highspeedsof operation.Fig-
ure2 showsthestrain-gagecircuitdevisedto conformtothe
resultsof ananalysis(aTpendixB) of thesignificantfactorsin
minimizingtheeffectsof slip-ringresistancefluctuations.

Althoughonlythehigh-temperaturetstraingagemustnecessarily
be on therotatingmember,theotherthreearmsof theWheatstcme-
bridgecircuitshouldalsobemountedon therotatingparttoavoid
slip-ringeffectsasmuchas ~ssible. In theseteststhethree_ _
balancingarmsof thebridgewerestraingagesmountedon the
rotatingpartof theslip-ringassembly.A highresistancewas
placedinserieswiththedirect-currentpwer supplyto thebridge
to reducestillfurther
supplyof 240~oltswas
dropthevoltageactiss

theslip-ringeffects.A direct-current
usedwithsufficientexternalresistanceto
thestrain-gagebridgeto18volts.

MeasuringEquipment —

A cathode-rayoscilloscopeinconjunctionwitha -. -era -S
usedto observeandrecordtheamplitudeandwaveformof thebucht
vibration,Theamplitudeoftheoscillogramswasalsodetermined
by anrmsvacuum-tubevoltmeter.Thesensitivityof therecording
equipmentwasoftheorderof 1.30millivoltsperinch.Thefre-
quenciesoftheb~cketvibrationsweredeterminedby comparisonwith
a signalfroma variable-frequencygenerator.A straingagemounted
on a steelcantileverflexedat 50 cyclespersecondprovideda
signalof knownamplitudeandfrequencyforcalibrationpurposes.
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TESTEQUi!MENTANDPRCX2EDURE

TurbineModifi.cations

.

w

Theturbinewheelusedfortheinvestigationofvibrationin
turbinebucketswasselectedbecauseitprovideda meansof
checkingthoadequacyofthehigh-temperaturestraingagesandthe
accompanyinginstrumentation.Inturbinewheelsofthetypeused
inthetestunitthebucketsarestiffandaresupportedatthe
outerendsby a se~nted shroudring. Thisconstructionis
resistanttovibration.Excitationofthebucketsby theinter-
mittentgasloadingissmallbecauseof thelargenumberofnozzles
andbucketsintheunit.As a result,undernormaloonditlonsof
operationno perceptiblevibrationofthebucketswaseqmcted.The
stabilityofstrainconditionsduringthisnormaloperationwould
Ete?meto checktheinstrumentationfart-heinfluenceofanyexternal
eff!ectsnotdirectlyrelatedtovibration,suchas slip-ringresist-
ancechanges,interferencefromelectronicequipmentusedInampli-
fyingandrecording,andinterferer.cefrcmotherelectricdevices
installednearthetestequipment.Bymeansofmodificationsto the
bucketsandtothenozzlering,however>seve~-econditionsofvibra-
tioncouldbe inducedandtheperformanceof thestraingagesad
auxiliaryinstrumentsunderthistypeof operationcouldbe observed.

Figure3(a)showsoneofthetestbucketsmcdifiedby reduc@-
thecross-sectionalareaneartherout. Thischangeloweredthe
first-modenaturalfrequencyof thebuckettoapproximately1000cycloa
persecond,thusbringingitwithintheexcitationrangeofthetest
conditions.Straingage~weremountedat tieweakenedsectionson
theconcavesidesofthebuckets.Figure3(b)showstheinstallation
inwhichthebucketsimmediatelyad~acentt~–thetestbucketwezw
removedtoeliminatethesupportoftheshrouding.Thehnsesofthese
adjacentbucketswereinsertedinthewheeltopreventdistortionIn
theretainingslotsofthetestbuckets.Th@leadwiroefromthe
straingqgewereinsulatedfrgmthewheelandcementedtothewheel
withthesam ty2eofcementusedinmountingthestraingage.The
wireswerethenledintoa hubonthewheelandthraugha hollowEi?mf’t
to thedip rings. The modificationmadeto thenozzleboxisshown
infigure3(c).Fourplates,eachcoveri~45°ofthenozzle-box
opening,wereweldedtotheboxat equallyspacedintervals.Because
ofithepartialadmissionofthegasescausedby thismodiftcathn,a
largefluctuationofgas-pressureloadingontheturbinebuckets
wasproducedduringoperation.

s

●

.-
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Testfistallation

5

A photographof thetestinstallationispresentedinfigure4.
Theprincipalcomponentswerea jetburnerto supplyhotgasesunder
pressure,anaircraft-engineturbosupercharger,andequipmentrequired
toloadtheturbine.TheJetburnersuppliedtheturbinewithgases
at a nozzle-boxinlettemperatureof1500°F. Afterpassingthrough
theturbine,thegasesweredischargedintoan exhaustsystemmain-
tainedat lowpressure.

Tests

Testsweremadeona “standardturbineandon onethathadbeen
modifiedaspreviouslydescribed.h thetestsmadeonthemodified
turbinewheel,gagescementedwithbothSauereisenNo.1 andNo.78
wereused. Thetestproceduresweresimilar;theturbineswere
operatedat fullloadoverspeedsrangingfrom5000to 20,000rpm
andallvibrationphenomenawereobservedandrecorded,

RESULTSMD DISCUSSION

Thetestonthestandardturbinewheelwasintendedasa
checktoverifythepremisethata.strain-ga&esignalwouldbe
obtainedonlyas theresultofactualvibratorystressin thebucket
andnotof slip-ringeffectsor ofextraneousinterference.Because
no significantsignalwasobtairledintherangeof speedsfrcan5000
to20,000rprn,itwasconcludedthattheinstrumentationwas~atis-
factoryfortestsofvibratorystress.

Modificationsto thetestturbinewheelswereespecially
conducivetotheintroductionofvibratory-stressccmdftionsinthe
buckets.An idealizedpressurediagramacrossthetestbucketwould
be representedby a squarewave. Duringtheperiodwhenthe-bucket
ispassingtheuncoverednozzles,thepress~~eiSsensiblyuniform
andrelativelyhigh;whereae,duringtheperiodwhenthebucketis
passingthecoverednozzles,thepressurereducestonearlyzero.
If thefrequencyofpressurefluctuationoranyharmonicthereof
coincideswiththenaturalfrequencyof thebucket,thebucketwould
%e excitedintoresonantvibration.A Fourierand.ysisofthepres-
surediagramindicatesthatat anyresonancethenaturalfrequency
ofthebucketwouldbe an integralmultipleoftheturbinerotational
frequency.
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Theresultspresentedwereohtalnedwithstraingaqescemented
w?.thSav.ere”lsenNo.78 cemsnt.

w

The testE&s withSaaere~eenNo.1.
cementasthegage-bondingmaterialyiel?kdqu.sntivativeljsimilar
result9.Figure5 showsthespwtrumof’fraquenclasforwhimh
resonanceswez%observedonthemod~fied.buc’ket,ThepatntsA toE
indicatetheturbinespeedeatwhichtkew sorimxzesocoum~dand the
naturalfrequencyoftheb~cket&teachof’therescnantspeeds.The
curvethrcm.gh.thepoint-aA toE thereforerepresentsthevariation
innaturalfrequencyof the”buckwtwithturbinespeed.Thefactthat
cmtrifugalforceraiseethenaturalfrequencyoftheb~cketis
evidentfromtheupwardelopeoftheline.Thedashedlinesinfig-
ure5 showthevarioueliarmonicordersaftheturbinespeed.For
exam@e,theor&lnateofeachrminton theline,of fourthharmnjc
orderrepresent=a frequencyfcrti~imeatheturbinorotattonalfre-
quency.ItWOU)-d
reeonancesA to3
lines,as isse9n

Themeasul’ed

be expecte~,therefore,thateachoftheobserved *

shouldbeononeof theintegralharmonic-cmier
tobe thecase. .- ...
totalrme of etreeaet e&chresonanceIEItabu-

latedinfigure5. Inonie~tq.calculatethestressesttwas
necessarytoknowt% strain-gagesensitivityfactorat thetemper-
atureorthebucketandthisfachrwasdeterminedfrom~:gure1-
al%ara determinationof thesensit$.vityfactorof thestraingage
at-roGmtemperaturewasmade. Theroom-tmmpcraturesensitivity
factorwasmeaeuredbyobservingtheout@t of theBt.raingagewhen ““
a knownweightwasauspentidfromtheendof thebucketandcom-
paringthevaluewiththecalculatedstressat theetrain-ga@”~si-
tion. Theroom-temperatureatraln-gagesensitivityfactorwasthus
foundtobe 1.75,Thestressesinthevibratingbucketatelevated
temperatureswerecalculatedbyassumingq b~ckett=empe~tumof
1.200°F inasmuchaaa nozzle-boxinlet ,ternperatu?%of 15Q0°F was
maintainedthroughoutthetests.Thevaluesforthestrain-gage
sensitivityfactorandthenmdulusof daykicltyof thebuc’ketiused
to calculatethestresseswerethereforechosenfor120@ F. Ifa
buckettemperatuxwof XUX1°F hadactuallyextstod,theerrorsin
thecomputedstresseswouldbeOS theordm of 2 percent,whereashad
a temperatureof 1300°F actuallyexisted”theerrorwcdilbe of tha
orderof10percent.

Theexactpeakstressateachresonancewasi~&SU~ble booause
theresonancewasverycriticalwithreuF~ctto speed@ thospeed ‘
controlsavailablewereinsui’ficientlyeeneitivoto obtainexact
r~sonence.Furthermore,thevibrationwassosevereattheftiuth-
ordorrasonanceas torenderitInadvisableto permittheampIltude
to buildup to a maximum.Thebucketrupturedduringthelastrun,
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justafterthenear-resonancestress(40,200lb/sqin,)shownin
figure5 wasobserved.Itmaybenoted,however,thatthestrain
gagewasstillingoodconditionafterthebucketruptured;the
rupturewaslocatedimmediatelyabovethegageposition.In all
casesthevibratorystrainsignalwasclearandfreeofforeign
interferencesuchas slip-ringeffects.

SUMMARYOFRESUZTS

Thesatisfactorydetectionenddeterminationof vibratory
stressesona testsetupatactualspecimentemperaturesup to 1500°F
hasbeenaccomplishedbymeansofa high-temperaturewire@traingage.
Thestraingagewasalsoappliedsatisfactorilyon gas-turbinebuckets
operatingat speedsencounteredinactualserviceandata nozzh:bx
inlettemperatureof 1505°F. Thestrainsignalsfromthestrain
gagescementedto.thebucketsweretransmittedfreeofanyinter-
ferenceto themeasuringinstrumentsthrougltisliprings.

AircraftEngineResearchLaboratory,
NationalAdvisoryCommitteeforAeronauticsj

Cleveland,Ohio,February14,3947.
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M?P’ENDIXA
.

CONEH!’RUCJUIONANDCALIBI#@IONOF HIGE—ZEWERATUREmm GAGE

Construction

Materials.- Theobjectivefnthedevelopnentiofthehlgh-———.
temperaturestraingagewastodeterminea suitablewire,wireform,
andcementthatwouldpermitthemeasure~ntofvibratorystresses
ingas-turbinebucketssubjectedtogastemperaturesinthene@h-
borhoodof 1500°F, A largenumberof comhlnationsafwireeand
cementswastested;of these,Nichro?neV tirewoundon a woven
glass-tapeformandcementedwitheitixrSaue~ieenNo.1 or
SauereisenNo.78cementiprovedtob%themosteatiefactorycombina- V
tionstodate.

Methodof construction.- Thestrain-sensitivefilamentispre-
paredby reatstanc~d~lead wiresto theendsofa 120-ohmlength
of O.001-inch-diameterNichrmeV wire. Bpendinguponthespoclftc
requlremmts,eitherO.010-inch-diameterNichromeV wireorO.OIO-lnch-
diameternickelwireieusedfortheloadwires.TheNlchrm!mV lead
wireispreferablebecauseof Itssuperiorhigh-temperaturecharac-
teristicsbutwhenlongleadsarerequiredthelowerresistancenlc~l
wireisused.Whengagelengthsofone-fou&hinchor greatercan&
used,tholoopsof thestrain-sensitivewireareheldinplaceby
strandsof hairorwireandthegageiscenmntedtothetestspucimen,
a multiple-hopwinillngthusbeingformed.Becausethegagelength
dependsupm thenumberotiloops,fabricationof a straingagewith
a Gagelengthsmallerthanone-fourthinchbecomsdifficult.Ga@s
smallerthanone-fourthinchinlengtharethcreforofabricatedby
windingtheetrain-sen~itivewireuponan insulatingformproparod
fromglass-fibertapeimpregnatedwiththe.Sauenlsoncmcnt ~d
bakedat 225°F for1/2hour.A etripofthepm~aredtapo0.125inch
wideandapgroxi?watel.y1.5incheslongIssandedsnmothandclamped
withslightlongitudinaltensionbetweenthejawsofa devicethat
“permitsthestriptoberotated.Thelead”wiresaro”then”fastened
to thestripas showninfigure6. Theer@ofthebad towhichthe
resistancewire3,sfastwncdisholdinthecorrectpoBititiwhile
theleadwtr~isturnedtwicearoundthetisulatlngstrip.The
resiatancowireispulledintoa V-shapebya hookonthoendofa
pieceofwire,as showninfigure6. TheImwil-stingstripisthen
rotatodandthowireautomaticallyE!pacoe~tsolfas itiswund. Upon
completionof thewindi~operation,tholoopinthoro=istancavlra
~sfixedla@ace by a wirethroadodthroughtheloopandpull.mlinto

—

a notchat theedgeof thetape.Theupperfaceof thestraingage
m

—
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iscoveredwitha thincoatofSauereisencementand.isbakedat
225°F for1 hour.Afterremovalof theexcess~rtionsof theinsu--
Iatingform,thestraingageisreadyforthenxmntingprocedure.
Straingagesof l/8-inchgagelengthwereusedfortheturbine-
buckettestsbutothersizescanbe constr~ctedby thesamemethod.

Mounting.- Themtal surfacetowhichthestraingageisto
be attachedts.preparedby sandf~~witha finegritpaper,cleaning
withethylalwhol,andalsousingtheSauereisencementasa cleaner.
A thin,smoothcoatof cementisthenbrushedontothemetalsurface
andbakedat 2500J?for16hours.Whenmountingtheform-woundtype
of straingagea secondthincoatisapplied,thsstraingageis
placedinpositicn,anda smallamo’untof cementisb-rushed.over
thestraingage. Thestraingageisthentightlyclampedusinga
cls,mpingpadof l/4-inchfeltcoveredwitha sheetofneoprene.
Afterairdryinghasproceededforav~imately 1 hour,theclamp
isrenmvedan&themm.mtisbakedat 250°F for16hours.Fixing
theleadwiresinpositionbymethodssuchas cementingorwiring
completesthestrain-gageinstallation.Thefor%goingcyclesof
temperaturesandbakingtimeshavebeenfoundsatisfactoryfor
applicationof thestraingageeitherwiththeSauerefsenNo.1
orNo.78cement;however,
combinationsazztipssible.
it isrecommendedthatthe
for15minutesforreasons

A dynemiccalibration

thecyclesarenotcriticalandother
ForapplicationwiththeNo.1 cement
mountedstraingagebebakedat Z400°F
thataresubsequentlydiscussed.

Calibration

wasmadeto determinetheeffectof temmor-
atureugmnthestrainsensitivityof thehigh-temperaturestrain&e.
Theteststraingageswerewuntedon a cantileverbarof Inconel
thatwasflexedtoa constanttipamplitudeat a frequencyof
20 cyclesyer second.Thesectionofthebarupon”whichthestrain
gagesweremountedwasenclosedby a furnacewithsuitable%impera-
t.urecontroltopermitvariationofthetemperatureof thebarin
theregionof thestraingagesfromroomtemperatureto 15@0 F. A
smalls“teelbeamwithan attachedhakelite-impregnatedstra-ingage
trsmsferredtheflexingforcefromthecamtotheInconelbar, The
bakelite-impregnatedstraingage,renainingata relativelylowtem-
peratureandat constantstrainsensitivity,provideda meamz%-of
the:lexingforceappliedtotheendof thetestbarqndtherefore
of thestressfntheouterfiberofthebarat thelocationof the
teststraingage. F@re 7 illustratestheteatsetupandtho
electricalstrain-gagecircuit. .M
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thecircuitisccmpletedby thehigh-temporatiwstrain
voltageappearingacrossthevoltuterasthetestbaris
thecamisproportionaltotheproductofthestrain-gage

sensitivityfactorandofthestrain.Thestrainisequalto Stm-ss
divi~edby theeladicnmdulus,whereasthestressIsprcprtional
to thevoltmeterreadingwhenthecircuitiqcompletedby the
bakelite=impregnatedstraingage: Thefolloyingeqpati~canth8re-
forebewritten

or

where

%

k.

VaT

‘aO

‘bT

‘bO

ET
~

~ VaTVboET———
~=Vao VWEO

(1)

(2)

sensitivityfactorofhigh-temperat~qstzaingageattempera-
ture T

sensitivityfactorofhigh-temperaturestraingageatroom
temperature

voltmeterreadingwhencircuitiscompletetbyhigh-temperature
straingageattemperab.n?eT

voltmeterreadingwhencircuitiscompletedby high-temperature
straingageat roomtemperature

voltmeterreadingwhencircuitiscompletedby force-measuri~
strain&agewhilehigh-temperaturestraingagelaat temper-
atureT

.

t .

v-

—.

voltmeterreadingwhencircuitistom@.etedby forco-measuring
stl’aingagewhilehi@-tem~raturestraingageisatroom
temperature ..- ..-

ratioof elasticmaduluaatele~atedtempem.turetoelastic
?rmduluaatroomtem~rature(ThechrveforInconel,as
obtainedfromreference1, isshownInfig,8.)

Equations(1)and(2)arestrictlycorrectonlyifthe-direct
currentresi~tanceofthehigh-tern’eraturestraingageremains

.

.
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thetemperatureisvaried.Actuallytheresistance
increasesas thetemperatureisincreasedanda slighterroroccurs
ifequation(2)isusedto determine~/~. Theerroris inthe
orderof lessthan1 percentforstrain-gageresistancevariations
as highas 25~ercent;therefore,equation(2)maybe considered
sufficientlya~curateforpracticalpurposes.
thedroppingresistor~

~ this$XQdys~S
hasbeenconsideredequalto thestrain

G=&e RbO.

Properties

Thellfeof thestraingagesat elevatedtemperatureswas
foundtobe dependentuponthemannerinwh~chthestraingageswere
connectedintotheelectricalcircuit.As an example,several
ftlament-ty~straingageswereoperatedat150@ F for15hours
withsatisfactoryquantitativeresults,butwhena minorchange .
wasmadeintheelectricalcircuit$thestraingagesfailedwithin
a fewminutes.Microscopicexaminationof thestraingagesafter
failureshowedseverecorrmionof thestrain-sensitivewire.
Figure9 showsvariationsofthecomon potentiometercircuit
thatweretestedtodeterminethecriticalfactorinthecorrosion

..

process.Whenthecirouitsof figures9(a)and9(b)wereused,no
failureresultedandtherewasrm detectablecorrosion;whenthe
circuitsof figure9(c)weretested,thestraingagesfailedat
approximately1200°F. Inspectionofthecircuitsshowsthatthe
failuresoccurredwhentheaveragepotentfalofthestrain-sensitive
fflamentwasnegativewithres~ecttothetestspeclneh(ground)
I@ didnotoccurwhentheaveragepotentfalwas&asitivewith
respecttothetests~cimen. Operation@thoutcircuitgrounding
(fig.9(b)) wassuccessfulrege,rdiessofthebatterypolarity.

Thecorrosionmaybe explainedby comparingittoan electro-
lyticeffectinwhichthestrain-sensitivefilamentandthetest
specimenactae theelectrodewhereastheSauereisencementacts
as theelectrolyteattheelevatedtcmporatures.Theequivalent
circuitisillustratedinfigure10,whichshowsboththecorrect
methodof connectingthecirouit(fig.10(a)]andtheincorrect
method(fig.10(b)).Wheatstone-bridgacircuits,commonin
strain-gagecircuitsinvolvingtheuse of sliprings,mustlilm-
wisebe soarrangedthattheaveragepotentialofthestraingage
ispositivewithrespectto thetestsurface.

Thevariationoftheresistancewithtemperatureof thehigh-
temp&atureutraingagesfabricatedwithNichromeV wireisshown
infigure11. It isnotedthatduringthefirsthalfof cycle1 an
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increaseintheresistanceofap~roximately17percentIsobtained_
Ulwncompletionofcyole1 (returntoroomtemperature)theresic3t-
ancewasfoundtoreturntoa valueapprox~mately12percenthigher
thantheoriginal.Insubsequentheat3.ngandcoollngcyolesthe
trendo??thesecondhalfof cycle1 1~retaineda~ ~lnwninfig---
urellbycycle2.

Thestrainsensitivitiesof thestraingagesat elevated.tem-
peratureswereplottedastheratioofthesensitivityfac”torat the
elevatedtemperatureto thesensitivityfactoratroomtemperature.
Thismthod providesa meansof comparingthestrainsensitivities
at elevatedtem~eraturesofmr3.ousstrain&agesthathavedifferent
room-temperaturestraineenflitivitiee.Thestrain-sensitivityfactors
at roomtemperatureoftheform-w&~ndstraingagestestedwere1.75
*1Opercent.Ifthegagefactorina specificapplicationcannotbe
measured,a valueof 1.75isreccvmmmdedfora form-woundgage. The
effectoftem~ratureuponthestrain-sensitivityfactorofa typical
NichrozueV filament-typestraingage(withoutwfndingform)cemented
withSauereisenNo.1 iEIshowninfigure12. A relativelyconstant
sensitivityfactorwasobtainedup to15000F andsubsequenttempera-
turecyclinghadno effectupontheuniforrgityofthemsnsittvity
factor.At roomtemperature,theaveragesensitivityfactorwas
2.05wttha variationfromgageto gageof approximately45pefomt.
Gagescement-edwlthSauemlsenNo.78jxmentgavequantitatively
similarresults.

Thevariationoftheratioof strati-sensitivityfactors 51%
withtemperatureforstraingagescementedwithSauerelsenNo.78
cementIsshownfnfigure13. Twocompletaheat+fngandcoollngcycles
areshownwitha temperaturerangefromroohtemperatureto 15000F,
Thefmnsit~vityfactorissensiblystabieandreproduciblethroughout
theheatingendcoolingcycles.Thewaveformofthestratn-~agesignal
duringtestingwasequallyasgoodat 1500°F as Itwasat roomtempera-
ture.

Thevariationof ~/~ withtemperatureforforq-womdstrain
gagesCementedwithSauereisenNo.1 isshowninfigure14. Aeharp
riseoccursduringthefirstincreaseintemperatureatapproximately
130@ F butwhencooledthisrisedisappears.ForthisreasonjIt
isrecommendedthatthespecimensuponwhichstraingagesarecenented
with$auereisenNo.1 be preheatedtoappnxi?mtely14000F fora short
t~mebeforeactualtesting.TheVariattinol?thestrainsensitivities
duringsubsequentheatfngandcoolingcycleswillbe substantiallythe
same.
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Thereproducibilityof ~/~ fromstraingageto straingage
of theform-woundtypeissuchthataccuratequantitativedatacan
be obtainedup tc 1200°F. From1200°to150C@F variationsoccur
andvibratorystressdataobtainedwithsuchgagesshouldbe treated
‘qualitativel.y,Inherentphysicalcharacteristicsof thewbven-glass
formonwhichtheres~atancewireiswoundcausesthedecreaseof
sensitivityfactorwithincreaseof temperatureabove1200°F. The
measuzwmentof the frequencyof the vibrationis accurateup to
1500°F. It isrecommendedthatwheneverpossible,a straingage
withoutwindingformbeusedbecauseaccuratequantitativedatac=.
be obtatnedwiththistypeup to1500°F. -.

ThechoicebetweenSauereieenNo.1 andSauereisenNo.78 cement
dependsupontheparticularapplication.SauereisenNo.78cement
habbettercement-to-metaladhesivequalitiesthanNo,1,butthe
No.1 hasbettercement-to-ce~entadhesionthantheNo.78. The
No.78 isalsomre hydroscopicand,~fthereisanymoisturenear
thetestinstallation,itsuseshouldbe avoided,Theadditionof
SauereisenNo.15thinnerto theNo,78cementhasa detrimental
effectuponthestr&in-gagesenQitfvityfactoratelevatedtempera-,
tures.TheNo.78 cehentisthereforemeredifficulttoapplyand
goodreproduciblestrain-gagemountsarelikewisemcmedif:icultto
obtain.InmostapplicationstheuseofNo.1 cementisrecommended.
In thetestswhereNo.78cementwasused,itwasfounddesirableto
directtheh~atof an infraredlampon thestrain-gageinstallation
durhg thenonrunningperiods,Satisfactoryadhesionof theSauereisen
No.1 andNo.78cementshasbeenobta~nedon suohhigh-tempmature
alloysas 17W,Timken,Vitallium,andInconel.

-. #

--- .—
.

.
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SLIP-RINGEFFECTS

Becauseoftheneed.forconductingcurrentsandvoltage8between
thestatio~yequipmentandthe~tatingstraingage,slipring~are
necessanllya pa.@of strain-gagecircuits,!l?heinterference
effectsof slipringson strain-gageelgnahathighspeedsofrota-
tioncanbeminimizedbyreducfngtheresistancefluctuations
betweentheslipringsandbrushesthemselvesandbyarrangingthe
electricalcircuittobeas insensitiveas”~esibleto theresistance :
fluctuatlmsthatdo occur.~~~rience~~~indicatedtkt thecom-
binationofmonel-metalslipringsandsilver-graphitebrusheswould

.-
*

servesatisfactorilyforthepresentproblem.

Onemethodnowincomunuseforminimizingtheeffectof sllp-
ringresistemcevariationisthemountingaf theentirestraln-

<

measuringWhetstonebridgeon therotati~member.Inthspresent
application,threesfrnilarstraingageswerecementedto theend
faceoftheoylinderformedbytheslipringsandslip-ringinsulators.
Becaueetherewasno vibratorystraininthiscylinderthestrain
gagescouldbeusedas thefixedresistorsR2,R3, and R4. (S00
fig.2(b).)

Theuseofa ballastresistorR (fig.2(b))inserieswith
thepowersupplyalsoservestoreducetheeff-t ofvariationin
resistancebetweensllpringsad.brushes,Theresistancevariations
thenbecomea smallpercentageof thetotalresistanceinthepower-
supplycircuitandtievoltageEAC
nearlyconstantthanItwouldifthe
omitted.A quantitativeanalysisto
resistorisas follows:

Theoutput voltage ~D oftho

acrossthebridgerematnsmore
ballastrreslstorR were
showtheeffectoftheballast

bridgecanbe showntobe

EV(R4R2-R1R3)
(3)‘BD= (R1-+~2)(R3+R4) + R(R1+ R2 i--R3+R4)

Theoutputvoltageof thebridge~ isthereforedependentupon
thetwovariablesRI and R, ThefluctuationIn EBD =’~sedby
thevariableR1 isthedesiredstrati-gagesignal,whereasthe
fluctuationin ~D causedby thevariableR istheundesired
slip-ringeffect.H dR istliechangein R, thefluctwtion
~BD causedby dR canbewritten

●
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(4)

where *

(R1+ R2)(R3+RA)
Rf =R+ R1-I-R2+R3+R4 (5)

Fromequations(4)and(5),itisevidentthat dEBD as causedby
dR canbereducedbydecreasing~ and dR andby increasingR’.
If thebridgeis innearbal.antsunderthe.operatingconditions,then
‘BD willbe closeto zero.Thebridgecanbe o~ratedve~-closeto
thebalancepointby selectingR2 equal,to theresistanceof the
straingage R1 at theoperatingtemperatureandselecti~R3 . R4.
BecauseR2 isusuallymountedina coolregion,whereasR1 oper-” -..-

atesata hightemperaturethatcausesitsreblstanceto increase,R2
shouldtheoreticallyhavea higherresistanceat roomtemperaturethan
R1. Forpracticalpurposesit Issufficientto selectR1 = R2 = R3 = R4
atzoomtemperature.Theva&iationinslip-ring-bzushresistancedR
dependsentirelyuponthedesignofthebrushandsllp-ringcombitit”ion.
Forthepurposeoftheseteststhemonel-metalsliprir~andthesilver-
graphitebrushes(twoparallelbrushesperring)werefoundtobe satis-
factory.

Thegreatertheresistanceof theballastresistorR, theless
wI1lbe theeffectoftheresistancefluctuationdR. Thelimitation
to theindefiniteincreaseof R liesinthefactthat,forsensi-.
tivityofthebridgeta straininthestraingage,thevoltageacross
thebridgeEAC mustbemaintainedconstant.An increasein R must
thereforebe accompaniedby a correspondi~increaseinthepower-
supplyvoltageEv. Inthepresenttests240voltswereavailable.
Becauseonly18voltswerenecesse,ryforad.eq,uatesensitivityof’the
bridge,222voltswereavailablefortheballastresistor.An effec-
tiveballastresistanceof 1500ohmswasused.to obtainthisvoltage
distribution.This resistancereducedthe fluctuationsin output
voltagethat resulted.from slip-ringresistancefluctuationsto about
15percentofthevalueforthecaseof zeroballastresistance.

RExmENm
f

1.Schabtach,Carl,andFehr,R. O.: Measurementof theDamp- of
EngineeringMaterhl.sDuringFlexumlVibm.tionatElevatedTern-
peratures.Jour.Appl.Mech,,vol.11,no.2,June1944,
yp.A86-A92.
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Fig. 2 NACA TN NO. 1174
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FQure 2.-Instrumentatlonand clrcultsusedin theinvestigation
of vibratorystressesin turbinebuckets.
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NACA TN NO. 1174 Fig. 3
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Figure 4. - Test installation showing modified turbine wheel and slip-ring assembly.
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(a)Batterypolarityingroundedcircuitsthatoperated
satlsfaotorllyat1500°F.

m+-
(b)Batterypolarityinungrounded.clreuitsthatoperated
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(a)Batterypolarityingroundedcircuitsthatfailedat
approximately12000F.
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Figure9. - SchematIc diagrams
circuitstestedto determine
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Fig. 10 NACA TN No. 1-174

Ra

I + ~
(a)Averagestrain-gagepotentialabove ground.

Ra

(b)Averagestrain-gagepotentialbelowground.

.

Rd
,

t

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

‘
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